
Coastal Dynamics 2017 
Paper No. 188 

629 
 

 
 
 

INCLUSION OF WAVE BREAKING TURBULENCE  
IN REFERENCE CONCENTRATION MODELS 

 
 

Joep van der Zanden1, Àngels Fernàndez-Mora1, Dominic van der A2, David Hurther3,  
Iván Cáceres4, Tom O’Donoghue2 and Jan Ribberink1 

 
 

Abstract 
 
Most commonly applied models for reference concentrations or sediment pickup rates do not account for wave breaking effects 
on sand resuspension. Consequently, they tend to underpredict the suspended sand load in the surf zone. Here, we present a 
new method to account for wave breaking turbulence effects in reference concentration models or pickup functions. An adapted 
reference concentration model is validated using recent laboratory measurements of near-bed turbulent kinetic energy and 
suspended sand concentration, yielding good agreement (r2 = 0.60).  
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1. Introduction 
 
Morphodynamic models typically use an advection-diffusion model to calculate the transport of suspended 
sediment. Depth-resolving advection-diffusion models rely on semi-empirical formulations to quantify the vertical 
sediment exchange between the bed load and the suspension layers. Such formulations prescribe either a 
concentration at an elevation close to the bed (i.e. reference concentration approach) or an upward sand flux (i.e. 
pickup function approach) (Nielsen, 1992). For non-breaking waves, such functions generally use the bed shear 
stress by waves and currents as driving force for sand suspension (e.g. Nielsen, 1986; Van Rijn, 1984a, 1984c, 
2007; Zyserman & Fredsøe, 1994).  

However, such formulations have limited predictive capability when applied to the wave breaking region 
(Aagaard & Jensen, 2013), because breaking waves – especially strongly plunging waves – may directly entrain 
large amounts of sand from the bed (Nielsen, 1984). Several studies have shown that suspension events under 
breaking waves follow directly after the intermittent arrival of breaking-generated turbulent vortices (Nadaoka et 
al., 1988; Scott et al., 2009; Yoon & Cox, 2012). This turbulent suspension can be physically explained by high 
instantaneous bed shear stresses (Cox & Kobayashi, 2000; Zhou et al., 2017) and by upward-directed pressure 
gradients in the sand bed (Sumer et al., 2013) under breaking-generated turbulent vortices. Especially under 
plunging-type breaking waves, near-bed breaking-generated turbulent kinetic energy (TKE) can show clear phase 
variation (Ting & Kirby, 1995), which may contribute to phase-dependent sand suspension and to net wave-related 
suspended sediment transport (Yoon & Cox, 2012; Brinkkemper et al., 2017; Van der Zanden et al., 2017). 

Based on such observations of enhanced sand suspension in the wave breaking region, several parameterisations 
have been proposed to include wave breaking effects on sand pickup rate and reference concentration models. 
Some studies related the reference concentration to the near-bed TKE, either directly (Steetzel, 1993) or indirectly 
as an additional parameter to increase the bed shear stress and sand suspension (Hsu & Liu, 2004; Okayasu et al., 
2010). These formulations are consistent with the aforementioned observed relationship between sand suspension 
and wave breaking turbulence arrival at the bed. Other studies relate the reference concentration to the local 
(breaking) wave conditions, using parameters such as the wave height at breaking (Jayaratne & Shibayama, 2007), 
the local wave height and water depth (Mocke & Smith, 1992), and the wave or roller energy dissipation 
(Kobayashi & Johnson, 2001; Smith & Mocke, 1993; Spielmann et al., 2004). The advantage of such models is 
that they are more robust and do not rely on detailed numerical predictions of wave breaking generated turbulence 
dynamics. However, this is at the same time a drawback, since wave breaking TKE spreads vertically and 
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horizontally through advection and diffusion processes, leading to an increase in near-bed TKE and sand pickup 
not only in the region of intense wave breaking but also at adjacent shoaling and inner surf zone locations (e.g. 
van der Zanden et al., 2016, 2017).  

None of the aforementioned parameterisations that account for wave breaking effects on sand pickup has been 
widely incorporated in common morphodynamic models. This is possibly because most of these formulations are 
highly empirical, yet were calibrated/validated for a limited number of observations of surf zone suspended sand 
concentrations – none of which provided measurements of concurrent near-bed TKE and sand concentration.  

In the present paper, we present a new parameterization to account for wave breaking turbulence effects on 
sediment resuspension in reference concentration or pickup models. The parameterization is theoretically derived 
on the basis of existing, widely applied formulations for pickup and for near-bed TKE (Section 2). Subsequently, 
in Section 3, the new formulation is validated using recent laboratory measurements of near-bed TKE and 
suspended sand concentrations under a large-scale plunging breaking wave (Van der Zanden et al., 2016, 2017). 
Section 4 discusses the outcomes and the applicability of the new model.  

 
 
2. Derivation of adapted reference concentration model for breaking waves 
 
This section presents a method for including wave breaking turbulence effects in suspended sand pick-up and 
reference concentration models. The method is developed on the basis of theoretical considerations, using Van 
Rijn’s (1984c) reference concentration model as a framework. Note that effects of external (wave breaking) 
turbulence are accounted for by adapting the bed shear stress formulation, and the presented approach could easily 
be applied to other reference concentration or pickup models. 
 
2.1. Van Rijn’s (1984c) C0 model for shear flows without external turbulence 
 
Van Rijn (1984b, 1984c) defines a bedload and a suspended load layer that are vertically separated at a reference 
elevation (za) with respect to the local bed level. For plane bed (sheet flow) conditions, za = 0.01 m, while it is 
equal to half the bedform height when bedforms are present. The reference elevation is typically inside the wave 
bottom boundary layer. The net vertical sand flux ϕz(za) between the bedload and the suspension layer is the result 
of an upward diffusive flux and a downward flux due to sand settling (Van Rijn, 1984c): 
 

 ϕz(za) = − ν + νt
σc

∂C(za)
∂z − wsC(za) (1) 

 
here σc is the Schmidt number, ws is the sand settling velocity, and ν and νt are the kinematic molecular and 
turbulent diffusivity, respectively. The upward diffusive flux is physically explained by the turbulent diffusion of 
sand particles in the direction of the lowest concentration. In the following, this vertical flux is termed the pickup 
rate (annotated ϕp), i.e.: 

 ϕp= − ν + νt
σc

∂C(za)
∂z  (2) 

 
For turbulent flows, νt >> ν, hence it follows that ϕp is driven by vertical turbulent velocity fluctuations w’ and that 
ϕp can be assumed proportional to the near-bed vertical turbulence intensity wrms'  (Van Rijn, 1984c). In a crucial 
next step, Van Rijn (1984c) relates wrms'  to the bed shear velocity u∗ by assuming that the turbulence that drives ϕp is entirely generated locally by bed friction. For steady uniform wall flows without additional external turbulence, 
experimental observations and numerical simulations have indeed shown that wrms'  in the log region relates to u∗ 
as (e.g. Pope, 2000): 

 wrms'  ≈ u∗ (3) 
Note that this is also consistent with experimental observations of urms' /u∗= 1.7 by Sumer et al. (2003) for mobile 
sand beds, given that the ratio of vertical to horizontal turbulence intensity wrms' /urms'  ≈ 0.6 for the log law layer in 
steady flows (Pope, 2000). Following similar argumentation, Van Rijn (1984c), replaced wrms'   by u∗ as the driving 
force in his model formulations. The major advantage is that u∗ is a more pragmatic and more widely applied 
variable than ݓ௦ᇱ  for use in sand transport models.  

Van Rijn (1984c) proposes that a sand particle can be picked up when u∗ exceeds the particle’s critical shear 
velocity for sand suspension, u∗,cr, i.e.: 

 
 ϕp = 0                                            if u∗ ≤ u∗,cr  (4) 
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The pick-up rate ϕp is proportional to the dimensionless transport parameter Tϕ which expresses the difference 
between the exerted and critical bed shear stress: 
 

 Tϕ= u∗2 − u∗,cr2
u∗,cr2                                 for u∗ > u∗,cr (5) 

 
Based on experimental observations, Van Rijn finally proposed the following equation for the instantaneous sand 
pick-up rate (Van Rijn, 1984a) 

 ϕp = 3.3∙10ି4Tϕ1.5D∗0.3                  for u∗ > u∗,cr (6) 
and for the instantaneous volumetric reference concentration C0 (Van Rijn, 1984c)  
 

 C0 = 0.015 D50
za

Tϕ1.5

D∗0.3                     for u∗ > u∗,cr (7) 
 
where D50 is the median sand diameter; and D∗ is the dimensionless particle diameter:  
 

 D∗ = D50 ቈሺs − 1ሻg
ν2 

1/3
 (8) 

 
Here, s = 2.65 is the relative density of sand grains in water; and g is the gravitational acceleration. The critical 
bed shear velocity by Van Rijn (1984c) is given by 

 u∗,cr= 4ws
D∗

 (9) 
 
2.2. The inclusion of external turbulence 
 
When external turbulence invades the boundary layer, the assumption that near-bed turbulence is entirely produced 
by local bed friction and that wrms'  can be equated to u∗ (Eq. 3) becomes invalid. Therefore, the transport parameter 
Tϕ (Eq. 5) should be reformulated to account for the effects of external turbulence on sand suspension. Note that 
u∗ was introduced in Eq. (5) as substitution for the vertical turbulence intensity wrms' . The latter, in return, is 
proportional to the local turbulent kinetic energy k∗ that is entirely due to local production by bed friction:  
 

 u∗2 = wrms' 2 = αk∗ (10) 
The value for α varies greatly with distance from the bed. For the present purpose, it makes sense to choose an α 
value corresponding with the reference elevation za, which for most waves at field-scale would correspond to the 
logarithmic region of the wave boundary layer. Proposed values for α = wrms' 2/k∗ are in the range of 0.2 (Svendsen, 
1987, inner layer of WBL) to 0.3 (Pope, 2000, log region steady flow boundary layer). One may also deduce the 
value of α from the common boundary condition for bed shear produced turbulence, which reads (Hinze, 1975; 
used for oscillatory WBLs by e.g. Kranenburg et al., 2012; Ruessink et al., 2009): 
 

 k∗ = u∗2/ටCμ (11) 
where the constant Cμ = 0.09. Combining equations (10) and (11) yields α = ඥCμ = 0.3, which is consistent with 
experimental observations (Pope, 2000). Substitution of Eq. (11) into Eq. (5) then yields: 
 

 Tϕ = ඥCμk∗ − u∗,cr2
u∗,cr2                  for ටCμk∗ > u∗,cr2  (12) 

 
Equations (12) and (5) are equivalent for boundary layer flows where only bed friction affects the near-bed 
turbulent kinetic energy. For flows with an additional turbulence source, the total near-bed TKE (kb) is the sum of 
locally produced bed shear TKE (k∗) and external TKE which is in the present study produced by wave breaking 
(kwbr):  kb = k∗ + kwbr (13) 
For flows with an additional source of turbulence we now assume that sand suspension still scales to the near-bed 
TKE: 
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 Tϕ = ඥCμkb − u∗,cr2
u∗,cr2                  for kb> u∗,cr2

ඥCμ
 (14) 

Equation (14) provides an adapted transport parameter that uses kb instead of u∗ as governing variable for pickup 
rate or reference concentration. Eq. (14) can be directly applied in combination with Eq. (6), (7) and (8) to predict 
sand pick-up rates or reference concentration for situations with and without wave breaking turbulence. Note that 
in the absence of an external turbulence source, kb = k* and Eq. (14) returns to the original formulation by Van Rijn 
(1984c) – provided that Eq. (11) is used as boundary condition for TKE at the bed.  

Eq. (14) can also be interpreted in terms of an adapted bed shear velocity ݑ∗, by the combined orbital flow 
and external turbulence, i.e.  

 Tϕ = u∗,kb2  −  u∗,cr2
u*,cr2                  for u∗,kb2  > u∗,cr2  (15) 

 u∗,kb = Cμ1/4ඥkb (16) 
In measurements, it will often be impossible to separate the “bed shear” and “external” contributions to kb. However, in some numerical models, both TKE sources can be separated. Rewriting the latter equation gives 

 u∗,kb = Cμ1/4ඥk∗ + kwbr (17) 
Substitution of (11) in (17) yields the following expression for the adapted bed shear velocity: 
 

 u∗,kb2  = u∗2 + ටCμkwbr (18) 
Here, the second term represents the additional apparent bed shear for sand pickup due to external turbulence. 
Finally, the latter equation can also be rewritten in terms of the free-stream orbital plus wave-related velocity u as: 
 

 u∗,kb 2 = 0.5fwcu02 + ටCμkwbr = 0.5fwc ቆu02 + 0.6
fwc

kwbrቇ (19) 
 
where fwc is the combined wave plus current friction factor and u0 is the free-stream velocity due to waves and 
currents. If follows that the relative significance of kwbr with respect to u02 for sand pickup depends on the factor 
0.6/fwc. For flows with high fwc (e.g. rough beds, bed forms), bed shear will lead to more local turbulence production 
and sand resuspension, hence the relative importance of kwbr for sand pickup will be lower.  
 
 
3. Experimental validation 
 
The model is validated using high-resolution near-bed measurements of turbulent kinetic energy and suspended 
sand concentrations under plunging breaking waves obtained during a recent large-scale laboratory experiment 
(Van der Zanden et al., 2016; 2017 – vdZ16 and vdZ17 in what follows). The experiment shed new insights into 
wave breaking effects on wave bottom boundary layer velocity and turbulence (vdZ16), on the spatio-temporal 
variation of suspended sand concentration and fluxes (vdZ17), and on sheet flow dynamics, grain sorting, and sand 
bar morphodynamics (Van der Zanden, 2016; Van der Zanden et al., Submitted). The reader is referred to these 
papers for more detailed descriptions of the experiment and its results; a brief summary is presented in this section. 
 
3.1 Description of experiments 
 
The experimental set-up is shown in Figure 1. The initial bed profile consisted of an offshore 1:10 slope, followed 
by a breaker bar-trough configuration, an elongated gradually sloping inner surf zone, and a parabolic dissipative 
beach. The test section consisted of a mobile sand bed (well-sorted medium sand, D50 = 0.25 mm, measured ws = 
0.034 m/s) between x = 35 to 68 m; the beach profile at x > 68 m was fixed with geotextile. The experiment 
involved regular waves with wave height H = 0.85 m and wave period T = 4 s at water depth h = 2.55 m near the 
wave paddle. One experimental repeat consisted of six 15-minute runs during which the mobile bed profile 
developed. After this 90-minute experiment the flume was drained and the initial bed profile was restored. This 
experimental procedure was repeated 12 times. Figure 1 indicates definitions of cross-shore coordinate x and 
vertical coordinates z and ζ, where the latter is the elevation with respect to the local bed level (i.e. ζ = z – zbed).  A mobile frame, custom-built for this project (Ribberink et al., 2014), was used to deploy the primary 
measurement instrumentation: an acoustic concentration and velocity profiler (ACVP) (Hurther et al., 2011), three 
acoustic Doppler velocimeters (ADVs), a six-nozzle transverse suction system (TSS), and a pressure transducer 
(PT). For each experimental repeat the mobile frame was positioned to a different cross-shore location. This 
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procedure with 12 experimental repeats resulted in a high spatial coverage of measurements (Figure 1b). Two 
CCM+ tanks (Van der Zanden et al., 2015) were installed slightly offshore from the bar crest to measure sheet flow 
concentration and particle velocity. The water surface elevation was measured by sidewall-deployed resistive wave 
gauges (RWGs) and PTs. Finally, the bed profile was measured before each experiment and after every second 
run using echo sounders. The experiment and data processing steps of all instruments are described in more detail 
in vdZ16 and vdZ17.  

 

  
Figure 1. Experimental set-up: (a) bed profile (solid line) and locations of resistive wave gauges (vertical lines); (b) 

measurement locations of ADVs (star symbols), Transverse Suction System nozzles (black dots), pressure transducers 
(squares), ACVP (grey rectangles), and two CCM+ tanks.  

The waves breaking over the bar crest were characterized as plunging breakers. Figure 1b indicates 
characteristic locations of the breaking process, i.e. the ‘break point’ where the wave starts to overturn (x = 53.0 
m); the ‘plunge point’ where the breaking jet hits the water surface (x = 55.5 m); and the ‘splash point’ where the 
wave has transformed into a surf bore (x = 58.5 m). This characterises the shoaling region, breaking region and 
inner surf zone (Figure 1b) following the terminology by Svendsen et al. (1978). 

 
3.2 Measured hydrodynamics and suspended sand concentration 
 
Figure 2a shows the maximum and minimum phase-averaged water surface level η. The wave height decreases by 
approximately 50% between the break point and the splash point. The time-averaged water surface level follows 
a net set-down before breaking that transforms into net set-up in the inner surf zone (x > 58.5 m).  

Figure 2b shows the time-averaged and the maximum and minimum phase-averaged near-bed horizontal 
velocity. The orbital velocity amplitude decreases strongly between the breaker bar and trough (from x = 55.0 to 
57.0 m) due to the decrease in wave energy and the increase in water depth. Over the same region, the offshore-
directed undertow increases in magnitude, with particularly strong currents (exceeding –0.5 m/s at ζ = 0.10 m) 
observed around x = 57.0 m. The velocity is strongly non-uniform in this region (high |dū/dx|). It follows from 
fluid mass conservation that the gradients in dū/dx are balanced by time-averaged velocities in the vertical 
direction, directed upward above the bar crest (for x = 55.5 – 57.0 m where dū/dx < 0) and downward above the 
bar trough (for x = 57.0 – 59.0 m where dū/dx > 0). This time-averaged fluid circulation was confirmed by 
measurements from an accompanying fixed-bed experiment involving the same wave condition and bed profile 
(Van der A et al., 2017). 

Figure 2c shows the time-averaged turbulent kinetic energy (TKE) at free-stream elevation and inside the wave 
bottom boundary layer (WBL). TKE increases by an order of magnitude in the breaking region (x = 53.0 – 58.0 
m) relative to the shoaling zone (x = 51.0 m). This increase in TKE occurs regardless of the reduction in <u>max and <u>min magnitudes, which indicates that wave breaking is the main source for the TKE increase. The increase 
in TKE occurs both at free-stream and WBL elevations, suggesting that breaking-generated turbulence even 
invades the WBL. 
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Figure 2. (a) Maximum, minimum and mean phase-averaged water surface level (dots and dashed lines) over the evolving 
bed profile (solid lines); (b) Maximum, minimum (dots and dashed line) and mean phase-averaged horizontal velocity u 

(circles) at the WBL overshoot elevation δ (ζ ≈ 0.01 m); (c) Time-averaged TKE at free-stream elevation ζ = z – zbed = 0.38 m 
(circles) and maximum time-averaged TKE inside the WBL (squares). The hydrodynamic measurements are taken during the 

first 15 minutes of the experiment (t = 0 – 15 min.).  
Figure 3 shows the suspended sediment concentration measured with TSS (circles). The profiles can be 

described with a power function (e.g. Kobayashi et al., 2005):  
 C(ζ) =  C0(ζ/za)ି1/m (20) 

Here, C0 is the reference concentration at reference elevation ζ = za and m is a vertical mixing parameter. The 
solid curves and background color contour in Figure 3 show the inter- and extrapolated time-averaged 
concentration obtained by fitting Eq. (20) through the TSS measurements.  

Suspended sand concentrations vary by orders of magnitude in both the horizontal and vertical directions. In 
the wave breaking region concentrations are up to two orders of magnitude higher than in the shoaling zone and 
inner surf zone. Highest concentrations are measured close to the bed between the bar crest and bar trough (x = 
55.0 to 57.0 m), i.e. in close vicinity of the plunge point at x = 55.5 m.  

The vertical mixing parameter m and reference concentration C0 are explored in more detail through Figure 4. 
Figure 4a reveals strong vertical mixing (high m) of suspended sediment above the bar crest (x = 53.0 to 55.0 m). 
Two mechanisms are considered mainly responsible for this strong mixing: (i) advection by upward time-averaged 
velocities resulting from the two-dimensional undertow circulation; (ii) vertical diffusion by breaking-generated 
turbulence. High values of m around x = 58.0 m imply that suspended sand is also well-mixed above the bar trough. 
However, due to the non-uniform flow conditions, sand concentrations are not purely controlled by local (vertical) 
advection and diffusion. Gradients of horizontal sand flux indicate that at the bar trough, a significant influx of 
sand occurs high in the water column, which may explain the near depth-uniform concentration profiles in this 
region (vdZ17).  

Figure 4b shows the reference concentration C0, which increases strongly (by an order of magnitude) from the 
shoaling to the breaking region, with a local maximum of around 30 kg/m3 at (x = 56.0 m), i.e. 0.5 m shoreward 
from the plunge point. Further shoreward, C0 rapidly decreases between x = 56.0 and 57.0 m. Low C0 values 
maintain in the bar trough (x = 57.0 – 58.0 m), and C0 remains approximately constant throughout the inner surf 
zone (x = 59.0 – 63.0 m). By comparing Figure 4b and Figure 2b, it follows that the cross-shore distribution of C0 varies notably from the distribution of maximum onshore and offshore velocity. These cross-shore distributions, 
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and poor correlation coefficients following linear regression between ū and C0 and between ũrms and C0 (vdZ17), 
indicate that the orbital and time-averaged velocity is a poor predictor for sand resuspension in the present 
experiment. The cross-shore distribution of C0 (Figure 4b) is instead similar to distributions of the near-bed 
turbulent kinetic energy kb (Figure 2c). Indeed, linear regression between both variables revealed significant 
correlation with r2 = 0.51 (vdZ17). This result is consistent with previous observations of (intermittent) 
resuspension following breaking-generated eddy arrival at the bed (Nadaoka et al., 1988; Nielsen, 1984; Scott et 
al., 2009), which has been physically explained by high instantaneous turbulent bed shear stresses (Cox et al., 
1996; Zhou et al., 2017) and by upward-directed pressure gradients in the bed that occur directly under large-scale 
vortices (Sumer et al., 2013).  

 

  
Figure 3. Time-averaged suspended sediment concentration. Open circles depict TSS measurements at eight cross-shore 
locations, solid curves depict fitted power function (Eq. 20). The background color contour shows the concentration field 

based on power-function fits at all 12 cross-shore locations.  
 

  
Figure 4. Cross-shore distribution of (a) vertical mixing parameter m and (b) reference concentration C0. Values are obtained from time-averaged concentration profiles measured by ACVP over ζ = 0 to 0.10 m. Panels a-b show 

the means (squares) and 95% C-I (error bars) over six runs per location. (c) Bed profiles at start (solid) and end (dashed) of 
experiment. 

 
3.3 Application of reference concentration model at intra-wave time scale 
 
We now validate the adapted reference concentration model, which is given by Eq. (7) in combination with the 
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adapted transport parameter Tϕ in Eq. (14), using the measurements. The model is driven using phase-averaged 
TKE. In the discussion (Section 4) we reflect on the time scale to which the model may be applied (i.e. 
instantaneous time series, phase-averaged intra-wave time scale, or wave-averaged time scale) and how this choice 
affects predictions of C0. We used the measured phase-averaged TKE <kb> inside the WBL as input for calculating Tϕ through Eq. (14). 
For the present measurements, near-bed TKE profiles at the same cross-shore location showed significant run-to-
run variability. This is not only due to differences in physical turbulence, but also due to uncertainties in the bed 
level detection. Therefore, instead of taking <kb> at one fixed elevation ζ = za (as per the assumptions in Section 
2), we used the elevation of maximum time-averaged kb for each run. The latter option reduced the variability in 
<kb> between different runs, and consequently, also led to reduced scatter in predicted C0. The “measured” 
reference concentrations were extracted from the ACVP measurements as described above, i.e. the C0 values shown 
in Figure 4 were used.  

Figure 5 shows the measured phase-averaged velocity, measured near-bed TKE, and the modelled intra-wave 
C0 for three selected cross-shore locations covering the shoaling, breaking and inner surf zone. In the shoaling 
zone, <kb> is continuously low as bed shear apparently generates hardly any TKE at this location (Figure 5d). In 
the breaking region at x = 56.0 m, i.e. the location with the strongest contribution of wave breaking turbulence to 
near-bed kb, clear intra-wave time variation of <kb> is observed (Figure 5e). Highest <kb> occurs during the end 
of the wave trough phase, which is the main instance of wave breaking turbulence arrival at the bed for this location 
(vdZ16; van der A et al., 2017). In the inner surf zone, where the bed is rippled, the time variation of <kb> is 
predominantly due to locally generated turbulence by bed friction (Figure 5f). 

The intra-wave and cross-shore variation in <kb> is reflected in the modelled <C0> (Figure 5g-i). At x =51.0 m, 
<kb> magnitudes are so low that hardly any sand is re-suspended. In contrast, at x = 56.0 m, significant sand 
suspension is predicted (Figure 5h). Highest <C0> occurs during the wave trough phase, which is consistent with 
intra-wave vertical sand fluxes at this location (vdZ17). At x = 63.0 m, highest C0 occurs during the wave crest 
phase. Measurements of time-varying near-bed concentrations support this (vdZ17). 

 
 

  
Figure 5. Application of new model (Eq. 7 and 14) to three locations: x = 51.0 m (shoaling zone, left panels); x = 56.0 m 

(breaking region, middle panels); x = 63.0 m (inner surf zone, right panels). (a-c) Phase-averaged horizontal free-stream 
velocity; (d-f) phase-averaged near-bed TKE (solid) and critical bed shear velocity over √Cμ, i.e. threshold value for 

suspension (dashed); (g-i) Phase-averaged modelled reference concentration. 
 

3.4 Evaluation of wave-averaged reference concentration 
 
We now evaluate the model’s performance at wave-averaged time scale. For comparison, C0 was also calculated 
using the model by Van Rijn (2007) for combined wave and current bed shear. The phase-averaged velocities at 
the WBL crest-phase overshoot elevation (ζ ≈ 0.02 m) were used as input for Van Rijn’s (2007) model.  
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Figure 6a shows the cross-shore distribution of C0 obtained from the measurements and as calculated using Van 

Rijn’s (2007) model. The model of Van Rijn (2007) predicts the correct order of magnitude for the shoaling and 
inner surf zone locations. However, the large increase in C0 around the plunge point is not captured by the model. 
In morphodynamic models, this underestimation of C0 would likely also result in underestimations of the 
suspended load and the offshore-directed suspended sand transport rate. It is further notable that Van Rijn’s (2007) 
model overestimates C0 in the shoaling zone at x = 51.0 m (measured C0 = 0.6 kg/m3; Van Rijn’s model predicts 
3.3 kg/m3). At this location, sand transport occurs in a ‘no suspension’ sheet flow regime (c.f. Sumer et al., 1996), 
while Van Rijn’s (2007) model predicts significant suspension.  

Figure 6b shows C0 obtained using the model proposed in Section 2. The model properly predicts the cross-
shore distribution of measured C0. This is no surprise, because it was already shown that C0 correlates well with 
kb3/2 (vdZ17). Also the order of magnitude of C0 is generally well captured by the new model. Nevertheless, C0 is 
still underestimated between x = 55.0 and 57.0 m, i.e. the region with high TKE and suspended sand loads, by 
about 20 to 60%. We will reflect on this in Section 4.2. Note that at x =51.0 m, the mobilisation strength of kb does 
not exceed the critical bed shear velocity (ඥCμkb < u∗,cr2 ), hence the model predicts no local sand resuspension. 
This seems consistent with the observations at this location, which showed that suspended sand was low in 
concentration (C0 < 1 kg/m3) and was formed by the smallest sand grains from the bed (D50 of suspended sand is 
approximately equal to D10 of sand composing the bed; see Van der Zanden, 2016). The increase in C0 from 
shoaling to breaking region (x = 51.0 to 53.0 m) is properly captured by the model. 

 
 

  
Figure 6. Cross-shore distributions of measured (square) and modelled (circles) reference concentrations. (a) Comparison 

with Van Rijn’s (2007) model; (b) Comparison with new model, i.e. Equations (7) and (14). (c) Bed profiles at start (solid) 
and end (dashed) of experiment.  

Both models are evaluated in more detail through Figure 7, in which measured C0 are plotted against model 
predictions for all 72 runs. Due to the logarithmic scaling of the axes, the measurements at x = 51.0 m (no 
suspension, C0 = 0) are not shown. The Van Rijn (2007) model shows the clustering of data points around the 1:1 
line at locations offshore from the bar crest (x < 55.5 m) and in the inner surf zone (x ≥ 59.0 m) (Figure 7a). This 
suggests that for these locations, Van Rijn’s model has reasonable predictive capability. However, the measured 
data points between bar crest and trough (55.5 ≤ x < 59.0 m) deviate strongly from model predictions, as Van 
Rijn’s model does not account for wave breaking induced sand pickup. This explains the overall low r2 of –0.25.  

The new model yields an r2 of 0.60 (Figure 7b), which is considered a reasonable-to-good correlation given the 
measurement uncertainties in both kb and C0. The figure further reveals a proper clustering of the data points around 
the 1:1 line for all three regions.  
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Figure 7. Scatter plots between modelled and measured C0, using data from all 72 runs (12 cross-shore locations, six runs 

per location). (a) Comparison with Van Rijn’s (2007) model; (b) Comparison with new model (Section 2). Solid lines mark 
1:1 relation, dashed lines indicate factor 2 difference. 

 
4. Discussion 
 
4.1 Comparison with other approaches 
 
The increase of pickup rates through TKE is not a novel approach for surf zone suspension. The present model 
shows most similarity with models of Okayasu et al. (2010) and Hsu and Liu (2004), who proposed raising the 
bed shear velocity by adding parameterized TKE effects. Okayasu et al. (2010) developed their model on the basis 
of steady flow measurements and is here not discussed in detail. Hsu and Liu (2004) proposed 

 u∗,kb2  = u∗2 + ekkwbr (21) 
where ek is a suspension efficiency factor due to wave breaking turbulence. Values for ek were obtained through 
calibration, by simulating the small-scale experiments of Sato et al. (1990) with an intra-wave morphodynamic 
model. The pickup function was driven using numerically modelled kwbr and calibrated with measured suspended 
sand concentrations, yielding values of ek = 0.02 to 0.05.  

Our model differs from Hsu and Liu’s (2004) as we assume that kb is the primary driver for sand suspension. 
At the same time our model can be rewritten into a form similar to Eq. (21), c.f. Eq. (18). It then follows that the 
difference between our model and Hsu and Liu’s (2004) model is found in the relative sensitivity of sand 
suspension to kwbr. We deduce that u∗2 should be raised by ඥCμkwbr = 0.3kwbr, which is an order of magnitude higher 
than the increase by up to 0.05kwbr as proposed by Hsu and Liu (2004). In other words, we find a much higher 
sensitivity of sand suspension to external TKE. For the present dataset, the factor of 0.05kwbr by Hsu and Liu is not 
enough to model the increase in C0.  Other approaches, discussed in the introduction, have proposed relating C0 to wave parameters, such as local 
wave height and water depth (Mocke & Smith, 1992), wave height at the breaking point (Jayaratne & Shibayama, 
2007), or the energy dissipation of the surface roller (Smith & Mocke, 1993; Spielmann et al., 2004). Although 
these models were not validated against the new measurements, the strong local increase in C0 seems to correlate 
poorly with the aforementioned wave parameters for the present dataset. At the same time, the present dataset is 
unique in that it has very high spatial resolution but involves only one wave condition. The aforementioned models, 
in contrast, have been validated against measurements for a wider range of conditions but with more restricted 
spatial resolution. Hence, those models may still be a good option for capturing the general trends of increased 
suspended sand load from shoaling to surf zone. Nevertheless, the very local increase in C0 should be modelled 
properly as the simultaneous local increase in suspended sand load and undertow velocity induces steep cross-
shore gradients in cross-shore suspended sand transport rates, yielding an important contribution to breaker bar 
morphodynamics (c.f. vdZ17).  
 
4.2 Time scale of model application 
 
It should be noted that C0 scales non-linearly to kb, i.e. for high kb, C0 ~ kb3/2. Consequently, the time scale at which 
kb is taken affects the time-averaged C0. Highest time-averaged C0 is expected when a time series of instantaneous 
kb(t) is used to force the model: the distribution of kb is positively skewed, and events of high kb(t) will result in 
strong resuspension events that contribute greatly to time-averaged C0. If, instead, wave-averaged kതb is used to 
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force the model, time-averaged C0 will be significantly lower. The new reference concentration model was here 
applied at an intra-wave time scale, using phase-averaged <kb> as input. If the model is forced with wave-averaged 
kതb, modelled C0 values decrease by 15% and the agreement between model and data reduces slightly (r2 decreases 
from 0.60 to 0.57). For the present dataset, the model could not be applied to a time series of kb(t) because these 
time series were for some locations contaminated with acoustic noise that could only be removed during the 
ensemble-averaging procedure (see vdZ16).  

Depending on the type of morphodynamic model used, the new reference concentration approach based on kb may be used to simulate the instantaneous intermittent sand suspension (Scott et al., 2009), the intra-wave phase-
dependent suspension due to intra-wave kb behaviour (Brinkkemper et al., 2017; vdZ17), or the increased reference 
concentrations at wave-averaged time scale (Aagaard & Jensen, 2013; Nielsen, 1984) under breaking waves.  
 
4.3 Applicability in morphodynamic models 
 
The proposed reference concentration model only requires near-bed TKE as input, hence its implementation is 
straightforward. However, a proper performance of the model relies greatly on the accuracy of the modelled kb. The quantification of both the bed-generated and the breaking-generated TKE contributions is a challenge for 
turbulence models (Justesen et al., 1987). Fernández-Mora et al. (Submitted) showed that even with high temporal 
(intra-wave) and spatial (1 mm vertical grid height to resolve the WBL) resolution, state-of-the-art CFD models 
have major difficulties predicting the spatial trends and magnitudes of near-bed TKE. It should also be mentioned 
that kb is strongly non-uniform across the breaking region and the breaker bar, and a high cross-shore resolution 
(Δx << local wave length L) is required for modeling the very local increase in kb and C0.  Another issue is that many morphodynamic models do not resolve the WBL flow, and use a bottom boundary 
condition for kb based purely on local bed shear stress, i.e. kୠ = u∗2/ඥCμ (Eq. 11). With this boundary condition, the 
propagation of breaking-generated TKE into the WBL can only be simulated when the WBL flow is accurately 
resolved. An alternative approach for simulating the wave breaking TKE arrival at the bed is to adopt a higher-
order bottom boundary condition for kb (as also argued by Hsu & Liu, 2004).  

Another method to overcome the challenge of numerically predicting kb is the use of idealised formulations 
where kb is related to breaking wave conditions (c.f. Roelvink & Stive, 1989; Steetzel, 1993). However, although 
the formulation by Roelvink and Stive (1989) has gained popularity especially for application in depth-averaged 
morphodynamic models (Reniers et al., 2013; Reniers et al., 2004; Van Thiel de Vries, 2009), to the authors’ 
knowledge it has never been validated against accurate measurements of kb under breaking waves.  
 
 
5. Conclusion 
 
Based on theoretical considerations and using widely applied formulations, we derived a new formulation for 
reference concentrations and pickup rates for surf zone conditions that does not involve further empirical 
calibration parameters. The model is based on Van Rijn’s (1984c) reference concentration model and assumes 
wave breaking TKE as driving parameter for sand re-suspension. The new model was validated using a new dataset 
of collocated near-bed turbulent kinetic energy and suspended sand concentration (van der Zanden et al., 2016; 
2017). The model shows good agreement between modelled and measured reference concentration (r2 = 0.60).  

The new reference concentration model can be applied in morphodynamic models operating at intra-wave or 
wave-averaged time scales. However, one needs to be aware that the proposed reference concentration model 
requires accurate predictions of the combined bed-generated and wave breaking produced turbulent kinetic energy 
at close distance from the bed.  
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